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We investigated the information carried by the data of direct photons, i .e., the transverse momen-
tum spectrum and the elliptic flow v2 from Pb+Pb collisions at
√
sNN=2.76TeV measured at Large
Hadron Collider (LHC) and from Au+Au collisions at
√
sNN= 200 GeV measured at Relativistic
Heavy Ion Collider (RHIC), in the frame work of (3+1)-dimensional ideal hydrodynamical models
constrained with hadronic data. We found those direct photon data may serve as a useful clock at
the early stage of heavy ion collisions. The time scales of reaching thermal and chemical equilibrium,
extracted from those data, are about 1/3 and 1.5 fm/c, respectively. Thus the large elliptic flow
of direct photons is explainable. High order harmonics, i .e., v3, v4 and v5, of direct photons from
Pb+Pb collisions at 2.76TeV are also predicted, as a further test to compete with those who claim
new sources of photons to account for the large elliptic flow of direct photons.
PACS numbers:
I. INTRODUCTION
Recently, a large elliptic flow of direct photons, as large
as that of hadrons, has been observed in heavy ion colli-
sions, in both PHENIX experiment at RHIC and ALICE
experiment at LHC [1, 2]. Such a large elliptic flow of
direct photons looks puzzling because the elliptic flow of
direct photons was predicted much lower than that of
hadrons[3–6].
New sources of direct photons [7, 8] have been consid-
ered to account for the large elliptic flow. They should,
at one hand be constrained with the observed transverse
momentum spectra of direct photons [2, 9] and hadronic
data, at the other hand be tested by higher order harmon-
ics, for example, the triangular flow v3 of direct photons.
In this paper, we will investigate the special informa-
tion carried by direct photons, after being constrained
by the data of hadrons in heavy ion experiments. We
will try to explained direct photon data with the de-
layed formation of the quark gluon plasma(QGP) in the
early stage, following the some early suggestion of two
time scales for thermal and chemical equilibrium [10–12].
Thus QGP formation time τQGP , the moment when the
system reaches both thermal and chemical equilibrium
locally, will be extracted. In order to make the calcula-
tion of direct photons constrained with hadronic data, we
will take (3+1)-dimensional ideal hydrodynamical mod-
els [13, 14], which can give a reasonable description to
hadronic data such as rapidity distribution, transverse
momentum spectra, elliptic flow, etc. More than one
hydro models are employed, in order to make our conclu-
sions more general. During the whole calculation of di-
rect photons, we will keep the solutions from those hydro
models valid, and keep the equation of states consistent.
The paper is organized as following: after a brief intro-
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duction of calculate approach of direct photons in section
2, the results will be presented in section 3, then conclu-
sion in section 4.
II. CALCULATION APPROACH
We will consider direct photons from PbPb collisions
at 2.76TeV and AuAu collisions at 200GeV. The sources
of direct photons are simplified as prompt photons and
thermal photons, according to ALICE and PHENIX mea-
surements of direct photons at high transverse momen-
tum [2, 9]. Prompt photons are calculated to the next-
to-leading order contribution in cold nuclear collisions:
dNP
dyd2pt
= TAB(b)
∑
ab
∫
dxadxbGa(xa,M
2)Gb(xb,M
2)
× sˆ
π
δ(sˆ+ tˆ+ uˆ)[
dσ
dtˆ
(ab→ γ +X) (1)
+ K
∑
c
dσ
dtˆ
(ab→ cd)
∫
dzc
1
z2c
Dγ/c(zc, Q
2)],
where thickness function TAB(b), nuclear parton distri-
bution functions G(x,M2) and cross sections, are the
same as in previous work [15, 16]. No consideration of
energy loss in fragmentation functions Dγ/c(zc, Q
2), in
order to compensate the contribution from jet photon
conversions. Prompt photons are supposed to carry van-
ishing elliptic flow.
The pt spectrum of thermal photons reads
dNT
dyd2pt
=
∫
d4xΓ(E∗, T ) (2)
where Γ(E∗, T ) is the photon emission rate at tempera-
ture T and E∗ = pµuµ, p
µ is the four-momentum of a
photon in the lab frame and uµ is the flow velocity.
The hydrodynamical models [13, 14] provide us the
energy density ǫ and flow velocity uµ at each space-time
2point of the system for the calculation. We get the tem-
perature at each space point according to the equation
of state ǫ = ǫ(T ). We keep those solutions from hydro
models valid all the time. What may be modified is the
photon emission rate Γ, how strong photons are emitted.
Now we introduce the two time scales in heavy ion
collisions, and discuss how photon emission depends on.
The hydrodynamical description of the heavy ion systems
starts from an initial time τ0, where a local thermal equi-
librium has been assumed to solve the hydro equations.
The high energy density at τ0 ensures a partonic phase.
The ratio between quarks and gluons at τ0 can not be de-
termined by hadronic data. It takes time for the system
to get chemically equilibrium, thus a QGP may form at
a later moment τQGP , not at τ0.
Quark fugacity ξ is used during (τ0, τQGP ). A linear
increase of quark fugacity ξ from 0 at τ0 to unity at τQGP
is assumed in this work. The assumption of ξ = 0 until
τ0 is at one hand required by the large elliptic flow of
direct photons, at the other hand reasonable from both
CGC and EPOS initial conditions[22].
Therefore, during (τ0, τQGP ), photon emission rate is
not the full rate in QGP phase ΓAMY [17]. The Contribu-
tions from Compton process and annihilation processes,
ΓCompton and Γannihilation [18], should be modified with
a factor of ξ and ξ2, respectively. Bremsstrahlung pro-
cess with n-quark lines will be modified with a factor of
ξn, where n ≥ 2. It is difficult to disentangle the con-
tribution of a given n-quark Bremsstrahlung. Therefore
we can either ignore Bremsstrahlung contributions to get
the lower limit, Γlow, or overestimate them with n = 2.
Thus, during (τ0, τQGP ) photon emission rate satisfies
Γlow < Γ < Γup, with the lower limit
Γlow = ξ · ΓCompton + ξ2 · Γannihilation, (3)
and the upper limit
Γup = ξ · ΓCompton + ξ2 · (ΓAMY − ΓCompton). (4)
During this stage, there is also a modification of the
relation ǫ = ǫ(T ) via
ǫ = (dg + ξdq)
π2
30
T 4 (5)
where partonic degrees of freedom dg = 16 and dq = 31.5,
a certain increase of the temperature, especially at very
small ξ. But the relation between energy density and
pressure remains approximately, so that hydro solutions
remain valid.
Now let’s summarize photon emission along the whole
evolution history:
• At τ = 0, prompt photons are counted according
to next to leading order QCD.
• During 0 < τ ≤ τ0, we have ξ = 0 and photon
emission rate Γ = 0.
• During τ0 < τ < τQGP , emission will be estimated
with Γlow < Γ < Γup.
• For τ ≥ τQGP , thermal photon emission rate cov-
ers both contribution from the QGP phase and
hadronic phase. In QGP phase, ΓAMY is employed.
In hadronic phase, the rate is based on massive
Yang-Mills (MYM) theory[19], which takes into ac-
count of both nonstrange and strangeness hadronic
interactions such as π+ ρ→ π+ γ, π+ π → ρ+ γ,
π +K∗ → K + γ, etc.
The large elliptic flow of direct photons implies a strong
emission in hadronic phase. Therefore, we don’t include
the dipole-like form factor in the emission rate as done
in most work[15, 19]. This is not only favoured by direct
photon data, but also because the form factors of those
hadrons in strong interactions, or PDF of those hadrons,
have not been measured. MYM theory itself remains
complete without form factor.
Now we introduce how to calculate high order harmon-
ics. The pt-spectrum of thermal photons can be decom-
posed into harmonics of azimuthal angle φ as
dN
dφ
∼ 1 + 2v2 cos(φ − ψ2) + 2v3 cos(φ− ψ3) + ... (6)
where v2 (vn) is the elliptic flow (higher order harmonics),
and ψn is the n-th order event plane. Obviously, vn and
ψn depend on photon’s transverse momentum pt, and
vary event-by-event. From eq. (6), one can easily get
vn cosnφ =
1
N
∫ 2pi
0
cosnφ
dN
dφ
dφ,
vn sinnφ =
1
N
∫ 2pi
0
sinnφ
dN
dφ
dφ. (7)
Let’s note their right sides as < cosnφ > and < sinnφ >,
respectively. Then, in each event one can estimate
vn =
√
< cosnφ >2 + < sinnφ >2, (8)
make the event average to get vn of thermal photons and
reduce with the factor dN
T/dpt
dNT/dpt+dNP/dpt
to get vn of direct
photons.
III. RESULTS
A. An event-by-event calculation of direct photons
from Pb+Pb collisions at
√
sNN = 2.76 TeV
Let’s start with Pb+Pb collisions at
√
sNN =
2.76 TeV. Event-by-event thermal photon emission has
been calculated based on EPOS2.17v3[13] where the ini-
tial time τ0 = 0.35 fm/c.
In Fig.1, the transverse momentum spectrum and el-
liptic flow v2 of direct photons from Pb+Pb collisions at
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Figure 1: (Color Online) Transverse momentum spectrum and elliptic flow v2 of direct photons from Pb+Pb collisions at√
sNN = 2.76 TeV for centrality 0-40%, calculated with τQGP = 0.35, 0.75, 1.15 and 1.55 fm/c. Data points from ALICE [2].
centrality 0-40% calculated with τQGP = 0.35, 0.75, 1.15
and 1.55 fm/c are compared with the data from ALICE
[2]. During τ0 < τ < τQGP , the lower emission limit was
used in those curves.
Fig. 1 tells us, if QGP is formed at the initial time τ0,
then direct photons will be overproduced, and the elliptic
flow underestimated. The underestimation of elliptic flow
is consistent to previous work[3–6].
A delayed QGP formation will decrease the early pho-
ton emission thus increase the elliptic flow of direct pho-
tons, shown in Fig. 1. The reason is clear. Later emitted
photons carry larger elliptic flow, thanks to a longer ex-
pansion of the system. Once we reduce the fraction of
early emission via delayed QGP formation time, the to-
tal elliptic flow will increase.
The dependence of the transverse momentum spec-
trum and elliptic flow v2 of direct photons on τQGP
can be shown more clearly in Fig. 2. The rate during
τ0 < τ < τQGP is not known explicitly, but the uncer-
tainty is constrained with the upper (dashed lines) and
lower (solid lines) limits. Here pt = 2.5GeV/c are chosen
to present the results, because both transverse momen-
tum spectrum and elliptic flow show sensitivity to τQGP
here. Besides, the elliptic flow v2 has a peak close to
2.5GeV/c.
We can see a delayed QGP formation can increase the
elliptic flow of direct photons, at the same time, can de-
crease the transverse momentum spectrum. Now the di-
rect photon data, extracted from ALICE data [2] and
shown as full squares, are used to extract the proper
QGP formation time. And a reasonable choice of τQGP
is about 1.5 fm/c.
The rate during τ0 < τ < τQGP is not known explicitly,
but the uncertainty makes a theoretic error less than 10%
for both the spectrum and elliptic flow of direct photons.
In the following, we will not mention but use the low
limit of emission rate directly.
In Fig. 3, the harmonics coefficients vn (n = 2, 3, 4, 5)
of direct photons are predicted with τQGP = 1.55fm/c,
accompanied with the ALICE data points of elliptic flow
v2. They behave quite similar to those of charged hadrons
measured by ATLAS[20]. Thus the two-time-scale pic-
ture sounds more reasonable than new sources of direct
photons to account for the large elliptic flow.
B. A connection between event-by-event and
event-averaged calculation
In above case, each system expands hydrodynamically
based on an irregular initial condition and thermal pho-
tons are emitted event-by-event. Here we make a con-
nection to an event-averaged calculation. The latter has
an smoothed initial condition, almond-like in the trans-
verse plane. This can be obtained from the average of
the event-by-event initial conditions, with ψ2 = 0 in each
event, or parameterized with Glauber model. The regu-
lar system expands hydrodynamically and emits photons,
similar to we did previously[6].
In Fig. 4, the elliptic flow of direct photons from aver-
aged calculation (dashed line) is compared to event-by-
event one (solid line). The same maximum of elliptic flow
are obtained, no matter event-by-event or averaged cal-
culation. But the high order harmonics such as v3, v4and
v5 vanish in the averaged calculation because of mixing
the irregular events.
The event-by-event curve moves leftward to reach the
averaged curve. Further movement is needed to reach
the data shape. As we know viscosity plays a more im-
portant role for irregular systems, we may attribute the
deviation from data shape to the lack of viscosity in the
ideal hydrodynamics.
C. Direct photons from Au+Au collisions at√
sNN = 200 GeV
A correct choice of τ0 is also important to get the large
elliptic flow. τ0 = 0.35 fm/c is provided directly above.
Various τ0 should be checked, but not available if we re-
quires a good reproduction of hadronic data. One avail-
able case is τ0 = 0.6 fm/c, as our previous work[15] for
Au+Au collisions at
√
sNN = 200 GeV. This is a (3+1)-
dimensional ideal hydrodynamics[14] with Glauber initial
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Figure 2: (Color Online) The dependence of transverse momentum spectrum and elliptic flow v2 on τQGP are shown at
pt = 2.5GeV, where dashed lines and solid lines represents calculation with up and low limits respectively between τ0 and
τQGP . Data points are extracted from ALICE data [2] and horizontal lines are used to guide eyes.
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Figure 3: (Color Online) Predicted harmonics coefficients vn (n = 2, 3, 4, 5) of direct photons are various curves. Dots are
measured v2[2].
condition. Averaged EPOS initial condition with τ0 =
0.6 fm/c provides the same elliptic flow at midrapidity[6],
but a different rapidity dependence. So the following
midrapidity discussion is general, valid for both of the
two models.
In Fig. 5, the transverse momentum spectrum and el-
liptic flow v2 of direct photons from Au+Au collisions
at
√
sNN = 200 GeV for centrality 0-20% and 20-40%,
calculated with τQGP = 0.6, 1.1, 1.6, 2.1 and 2.6 fm/c
are compared with PHENIX data points from PHENIX
[9][1]. The previous result with hadronic form factors[15]
(dashed lines) are very close to those calculated without
form factors (solid lines), because the spectrum at high
pt is dominant by prompt photons, while at low pt, form
factors are close to unity.
The solid curves are overlapped in the upper panels,
which shows the insensitivity of spectrum to τQGP . In
the lower panels, the solid curves from down to up are
calculated with τQGP = 0.6, 1.1, 1.6, 2.1 and 2.6 fm/c,
respectively. The elliptic flow first increases with τQGP ,
then saturates. At pt = 2 GeV/c, the maximum of el-
liptic flow is only 60% of the measured value, for both
centralities. Thus, τ0 = 0.6 fm/c can not work.
IV. CONCLUSION AND DISCUSSION
The large elliptic flow and the transverse spectrum
of direct photons from Pb+Pb collisions at
√
sNN =
2.76 TeV were explained with τ0 ∼ 1/3 fm/c and τQGP ∼
1.5 fm/c. High order harmonics coefficient such as v3, v4
and v5 of direct photons were predicted, which behave
also quite similar to those variables of charged hadrons.
τQGP has been studied systematically in this work.
The test of τ0 has been done with two values, 0.35 and
0.6 fm/c in this work.
With τ0 = 0.6 fm/c, the large elliptic flow of direct
photons from Au+Au collisions at
√
sNN = 200 GeV can
not be fully reproduced. The delayed QGP formation
time can make the elliptic flow larger, but only up to
60% of the measured value.
More work should be done systematically to extract
τ0 and τQGP , with systems such as AA, pA and pp. A
full explanation of the data of both charged hadrons and
direct photons at both colliders are expected.
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